Abstract Paroxetine and fluconazole have neuroprotective effects in an in vitro model of HIV protein-mediated neuronal injury. This study evaluated the safety, tolerability, and efficacy of both paroxetine and fluconazole for the treatment of HIV-associated neurocognitive disorder (HAND). A 24-week randomized double-blind, placebo-controlled 2 × 2 factorial design study was used. HIV+ individuals with cognitive impairment were enrolled in the 24-week trial. Participants were randomly assigned to one of four groups: (1) by paroxetine. HIV+ individuals receiving fluconazole did not show a benefit in cognition and showed an increase in multiple markers of cellular stress compared to the no fluconazole arms. In conclusion, paroxetine was associated with improvement in a summary neuropsychological test measure and in several neuropsychological tests but worse performance in one neuropsychological test. Further studies of paroxetine for the treatment of HAND and to define its precise neuroprotective properties are warranted.
HIV-associated neurocognitive disorders (HAND) continue to be an important neurological manifestation of HIV-1 infection seen in 40-50% of HIV-1 seropositive (HIV+) individuals in the era of combination antiretroviral therapy (cART) (McArthur et al. 2010) . HAND is associated with persistent central nervous system (CNS) inflammation, aberrant macrophage activation, and increased CNS oxidative stress (Saylor et al. 2016 ). An adjunctive therapy that interferes with CNS inflammatory events triggered by the HIV virus will likely play an important role in the future treatment of HAND (Epstein and Gendelman 1993) . However, prior trials of adjunctive therapies have not consistently shown clinical benefit in a neurocognitive summary measure (Lampl et al. 2007; Schifitto et al. 2007b Schifitto et al. , 2009 Uthman and Abdulmalik 2008) .
Previously, we screened more than 2000 compounds, half of which were FDA-approved drugs for putative neuroprotective effects against oxidative stress-mediated neuronal injury in an in vitro model of mixed rat neuronal cultures (Steiner et al. 2015) . Selective serotonin reuptake inhibitors (SSRIs) such as paroxetine, and the anti-fungal agent, fluconazole, protected hippocampal neurons and showed a synergistic interaction (Steiner et al. 2015) . Paroxetine-mediated neuroprotection was unchanged in neuronal cultures made from serotonin transporter knockout mice, suggesting that blocking serotonin reuptake at the transporter site was not necessary for the paroxetine-mediated neuroprotection (Steiner et al. 2015) . The combination of paroxetine and fluconazole protected macaques from SIV-associated neurodegeneration (Meulendyke et al. 2014) , as measured by cerebrospinal (CSF) neurofilament protein light chain and amyloid precursor protein (APP) accumulation in axons.
Paroxetine and fluconazole have a long history of safety and efficacy for treating depression and cryptococcal meningitis, respectively in HIV+ patients, but their effect on cognitive performance has not previously been evaluated in HIV+ individuals. Based upon these preliminary data, we conducted a phase I/II, randomized, double-blind, placebo-controlled study to assess the safety, tolerability, and efficacy of paroxetine and fluconazole for the treatment of HIV-associated cognitive impairment.
Materials and methods

Recruitment/enrollment
Enrollment of 45 individuals, 18 to 65 years of age, occurred between December 2010 and January 2015, in the adult outpatient clinical research unit of the Institute for Clinical and Translational Research (ICTR) at the Johns Hopkins Hospital. All participants had HIV (based on ELISA and confirmed by Western blot or plasma HIV RNA and clinical notes) and evidence of cognitive impairment. Cognitive impairment was defined as performance compared to age-and education-matched controls at least 1.0 standard deviation (SD) below average on three or more independent neuropsychological tests, or at least 2.0 SD below average on one test and at least 1.0 SD on a second test at the screening visit. Stable antiretroviral regimen was required for at least 3 months prior to screening with no plans to change the antiretroviral regimen. Once enrolled, participants were not required to stay on their baseline regimen. Participants were excluded if pregnant or breast-feeding, or if they presented with active symptomatic AIDS defining opportunistic infection within 30 days prior to entry, current systemic fungal infection, any history of CNS opportunistic infection (fungal or non-fungal), history of medical illness, chronic neurological disorder, or severe affective disorder (e.g., depression with suicidal ideation) that in the investigator's opinion would interfere with study requirements, active illicit drug use within 3 months prior to baseline (verified by negative urine toxicology screen at screening), current use of fluconazole within 1 month prior to entry or SSRI (including paroxetine) within 3 months of entry, or current treatment with blood thinners. Laboratory exclusion criteria included hemoglobin ≤ 9.0 g/dl, absolute neutrophil count ≤ 500 cells/ mm 3 , platelet count ≤ 50,000 cells/ mm 3 , alanine transaminase (ALT) ≥ 2.5 times the upper limit of normal, alkaline phosphatase ≥ 3 times the upper limit of normal, and creatinine ≥ 2 times the upper limit of normal. Recruitment and enrollment were stopped upon conclusion of the funding period.
Standard protocol approvals, registrations, and patient consents
The protocol was reviewed and approved by the Institutional Review Board and Institute for Clinical and Transitional Research at Johns Hopkins Hospital. The study is registered in clinicaltrials.gov (NCT 01354314). Informed consent was obtained from all participants or their authorized representatives.
Randomization
At baseline, participants were randomized into one of four treatment groups: (1) placebo, (2) paroxetine 20 mg orally every evening per day, (3) fluconazole 100 mg orally every 12 h per day, and (4) paroxetine 20 mg every evening and fluconazole 100 mg every 12 h orally per day.
A block stratified randomization computer program was used to generate the random allocation sequence. A block size of four was used. Drug was dispensed by an unblinded pharmacist. The manufacturing pharmacy provided 60-count bottles with a blinded fixed label and an unblinded tear-off label, which was removed and affixed to the back of the prescription. The Investigational Drug Service protocol pharmacist generated the randomization. The unblinded Investigational Drug Service pharmacist assigned the participant to interventions according to chronological order of enrollment (i.e., receipt of entry prescription). All other study investigators remained blinded to the treatment assignment (including the research coordinator and study neurologist who enrolled participants).
Therapy and follow-up
Participants received the study drug daily for 24 weeks. Participants were re-evaluated at 4, 12, and 24 weeks after randomization. At each visit, participants were assessed for adverse clinical events. Neurological examination and safety laboratory tests including serum chemistry profiles, hematology, CD4+ T lymphocyte counts, and plasma HIV RNA levels were performed at screening, baseline, and at weeks 4, 12, and 24.
A neuropsychological test battery was performed at the screening visit, and visits at pre-entry, and at 12 and 24 weeks after entry. The battery included the Hopkins Auditory Verbal Learning test (HVLT) (Brandt 1991) , Rey Complex
Figure test (Reitan 1979; Osterrieth 1944) , Symbol Digit Modalities Test (Smith 1968) , Trail Making test (Reitan 1958) , Grooved Pegboard Test (Klove 1963 )Timed Gait test, California Computerized Assessment Package (CalCAP) Choice and Sequential reaction time test (Miller 1990) , FAS verbal fluency Test (Borkowski et al. 1967) , the Stroop Color Interference test (Comalli et al. 1962) , and depression symptomatology assessed with the Center for Epidemiologic Studies Depression Scale (CES-D; Radloff 1977 (Gandhi et al. 2011 ) and the Driving Simulation component of the Computerized Assessment of Mild Cognitive Impairment (CAMCI) tests (Rosenthal et al. 2013) performed at baseline and week 24. Plasma and CSF samples were collected at baseline and week 24 for biomarker analyses.
Twenty-three subjects had incomplete datasets or less than complete adherence for the 24-week study. Four subjects were excluded from analyses due to incomplete follow-up outcome measures (see Fig. 1 ). One subject was withdrawn due to protocol violation. The remaining 18 subjects excluded from the as-treated analyses were excluded because they did not consume 90% of the study drug based on pill count (see Statistical analysis section).
Biomarker measures
Lipid markers were measured by electrospray ionization tandem mass spectrometry as described previously (Haughey et al. 2004) . Protein carbonyls were quantitated using the OxyBlot™ Protein Oxidation Detection Kit as described previously (Schifitto et al. 2009 ). Enzyme-linked immunosorbent assays (ELISA) were used to measure plasma Neopterin (GenWay Biotech), sCD14 (R&D Systems), sCD163 (from Trillium Diagnostics) and CSF sCD14, sCD163, neurofilament protein light chain (NFL) (UmanDiagnostics), and neurofilament protein heavy chain (NFH) (BioVendor) levels according to manufacturer's protocols.
Statistical analysis
The primary outcomes for this clinical trial evaluated safety and tolerability of paroxetine and fluconazole, and their efficacy on neurocognitive performance using the NPZ8 and CSF lipid markers of oxidative stress. Secondary outcomes evaluated the efficacy of paroxetine and/or fluconazole on other neurocognitive measures, plasma and CSF protein markers of oxidative stress, markers of macrophage/monocyte activation, inflammation, and neuronal injury, and on functional measures.
The sample size was based upon a power calculation using CSF ceramide C22:0 as the primary outcome measure to provide 80% power with a total sample size of 40 subjects.
Treatment groups were summarized according to baseline socio-demographic and clinical characteristics. Safety and tolerability were assessed using incidence (number and percent) of adverse and serious adverse events. Fisher's exact tests were used to compare the incidence across treatment groups. Efficacy was evaluated by calculating change scores (the arithmetic difference between test measures at week 24 and baseline with negative numbers indicating a decrease in performance and positive numbers indicating an increase in performance). Assumption of normality was tested using the Shapiro-Wilk test. For continuous measures, distribution was described using median and interquartile range (25th and 75th percentile). Neuropsychological test performance measures were standardized to follow a normal distribution (z scores); therefore, distribution was described using mean and standard deviation.
Change scores were modeled using generalized linear regression. Final models were adjusted for baseline measure, treatment effect on depressive symptoms, (i.e., 24-week change in CES-D score) and the presence of undetectable plasma HIV RNA at baseline.
Treatment assignment was governed by the randomization scheme with participants assigned to paroxetine, or fluconazole, or combination paroxetine and fluconazole, or placebo. Analyses examined the treatment effect of paroxetine (alone or in combination with fluconazole) versus no paroxetine (placebo or fluconazole alone), and fluconazole (alone or in combination with paroxetine) versus no fluconazole (placebo or paroxetine alone). Secondary analyses were conducted also to compare the three active treatment arms to the placebo arm.
Both Intention to Treat (ITT) and as-treated analyses were performed with a pre-defined statistical plan. Under the ITT framework, participants were assigned the treatment they were randomized to irrespective of treatment adherence. Participants were included in as-treated analyses if they completed the trial without protocol violation and consumed (based on pill count) at least 90% of the target total doses of study medication for the trial. Type I error rate was set at 0.05. Statistical analyses were conducted using SAS Studio, version 3.6 (SAS Institute, Cary, NC).
Classification of evidence
This interventional study provides Class II evidence for the safety, tolerability, and efficacy of paroxetine and fluconazole for the treatment of HIV-associated neurocognitive impairment.
Results
Baseline characteristics
Among the 45 HIV-infected individuals with cognitive impairment enrolled, 11 were randomized to placebo, 11 to the paroxetine group, 11 to the fluconazole group, and 12 to the paroxetine and fluconazole group (Fig. 1) . The four treatment groups were similar with respect to age, education, race, and CD4 lymphocyte count (see Tables 1 and 2 ). The median (interquartile range) age for the participants enrolled was 50 (47, 55) years, 32 (71%) were male, and 36 (80%) were African-American. The median (interquartile range) CD4 lymphocyte count for all participants was 491 (389, 630) cell/mm 3 . The participants largely exhibited well-controlled HIV replication with a plasma HIV RNA < 50 copies/μl. Participants receiving paroxetine and fluconazole were more likely to be women compared to the other treatment groups in ITT analyses (p = 0.020). Participants receiving paroxetine and fluconazole had a trend to be less likely to have an undetectable plasma HIV RNA compared to the other three treatment groups (p = 0.050) in the ITT analyses. Participants receiving paroxetine only had a lower rate of a positive hepatitis C serology, compared to the other treatment groups (p = 0.010) in as-treated analyses.
Safety
There were no deaths or hospitalizations reported in the study. There were no differences in the frequency of adverse events (defined as the frequency of either total adverse events or moderate/severe adverse events) between the four treatment groups. The most common side effects seen in more than one individual for each treatment group were as follows: placebo, diarrhea (n = 2); paroxetine alone, sexual dysfunction (n = 3), headache (n = 2), insomnia (n = 2), and disturbing dreams (n = 2); fluconazole alone, nausea (n = 4), depressed mood (n = 2), and dry mouth (n = 2); and paroxetine and fluconazole, 
Analysis
• Analyzed (n =11)
• Excluded from analysis (n = 1) No follow-up outcome measures data (n = 1)
• Analyzed (n = 11)
• Excluded from analysis (n = 0)
• Analyzed (n = 9)
• Excluded from analysis (n = 2) No follow-up outcome measures data (n = 2)
• Analyzed (n = 10)
• Excluded from analysis (n = 1) No follow-up outcome measures data (n = 1) Fig. 1 Subject enrollment diarrhea (n = 5), nausea (n = 4), dizziness (n = 2), and dry mouth (n = 2). There was no difference in the frequency of any of the above individual side effects among the four treatment groups.
Neurocognitive measures
The baseline neuropsychological assessments for each of the four treatment arms are shown in Table 3 for intention-to-treat (ITT) analyses. The changes from baseline to week 24 for the ITT analyses for NP test performance are shown in Table 4 .
HIV+ individuals receiving paroxetine (alone or in combination with fluconazole) showed an improvement in the NPZ8 summary measure of neuropsychological test performance (Navia et al. 1998), CalCAP sequential reaction time (Fig. 2) , Trail Making Part B, and FAS verbal fluency tests, but worse performance on the Letter Number Sequencing test after adjusting for NP test score, depression symptomatology, gender and baseline percent undetectable plasma HIV RNA, in ITT analyses (Table 4) . HIV+ individuals receiving paroxetine showed a benefit in the CalCAP sequential reaction time test but worse performance in the Letter Number Sequencing test compared to the no paroxetine arms after adjusting for baseline NP test score, depression symptomatology, hepatitis C serostatus, and baseline percent undetectable plasma HIV RNA in as-treated analyses (Table 5) . HIV+ individuals receiving fluconazole (alone or in combination with paroxetine) had worse performance in the FAS verbal fluency test compared to the no fluconazole arms (placebo or paroxetine alone) in ITT analyses and as-treated analyses after adjusting for similar co-variates as noted in paroxetine analyses.
In separate comparisons of paroxetine alone, fluconazole alone, or the combined paroxetine/fluconazole group to placebo, in ITT analyses, the paroxetine only arm showed worse performance on the Letter Number sequencing test compared to placebo. Participants receiving paroxetine alone had improvement in NPZ8 score, CalCAP sequential reaction time, and Timed Gait, and worse performance on Trail Making Part A compared to placebo in as-treated analyses. Participants receiving fluconazole alone had worse performance on global deficit score (GDS) and Trail Making Part B but better performance on Timed Gait compared to placebo in as-treated analyses.
Changes in biomarkers of cellular stress, inflammation, and neuronal injury over 24 weeks
Paroxetine alone compared to placebo showed a decrease in the cellular stress marker, plasma ceramide C22:0, a decrease in the chemoattractant plasma CXCL10, and an increase in CSF IL8/ CXCL8 in as-treated analyses (Table 6 ). After adjusting for baseline level and gender, HIV+ individuals receiving fluconazole alone compared to placebo had increases in four cellular stress markers including plasma ceramides C16:0, C22:0, C24:0, and increased CSF monohexosylceramide C24:1 in addition to reduction in plasma inflammatory cytokines interleukin (IL) IL-1α, C-X-C motif chemokine 10 (CXCL10), CSF IL-6, and an increase in CSF IL8/CXCL8 (Table 6 ) in as-treated analyses. The combined paroxetine/fluconazole group showed increases in plasma ceramides C16:0 and C22:0, a reduction in plasma CXCL10 and an increase in CSF IL8/CXCL8 (Table 6 ) in astreated analyses. Similar, but less robust changes in cellular stress and inflammatory markers were observed in the ITT group, consistent with reduced drug compliance (Table 7) . We did not observed any treatment differences in plasma or CSF levels of neopterin, soluble CD14 (sCD14), sCD163, protein carbonyls, or neurofilament protein light chain (NFL) (data not shown). CalCAP California Computerized Assessment Package Reaction Time test, GDS Global deficit score *Sample size (n) for this test: placebo n = 11, paroxetine n = 10, fluconazole n = 11, and paroxetine and fluconazole n = 12 **Sample size (n) for this test: placebo n = 11, paroxetine n = 9, fluconazole n = 11, and paroxetine and fluconazole n = 12 ***Sample size (n) for this test: placebo n = 10, paroxetine n = 10, fluconazole n = 9, and paroxetine and fluconazole n = 11
Subjective-and performance-based functional measures
There were no differences in subjective- ( 
Discussion
In this study, paroxetine and fluconazole treatments were safe and well tolerated in individuals with HIV-associated neurocognitive impairment. Few adverse events were reported in any of the treatment groups, and no deaths reported. Paroxetine was associated with improvement in HIVassociated neurocognitive impairment as indicated by improvement in a summary measure of neuropsychological testing performance, the NPZ8 score (in ITT analyses only), and the CalCAP sequential reaction time score (in ITT and astreated analyses), Trail Making Part B score (in ITT analyses only) (a test of executive function and psychomotor speed), and FAS verbal fluency in patients receiving paroxetine compared to those not receiving paroxetine. However, paroxetine was associated with worse performance on the Trail Making Part A and on the Letter Number Sequencing test compared to patients not receiving paroxetine, suggesting that cognitive improvement with paroxetine treatment was not consistent across all cognitive domains. Markers of cell stress, inflammation, and neuronal injury were not modulated by paroxetine treatment.
Fluconazole treatment was associated with a worsening in the FAS verbal fluency test (in ITT and as-treated analyses) and increases in multiple markers of cellular stress. Of note, individuals in the fluconazole treatment group were more likely to be hepatitis C positive, and hepatic disease may have impacted the metabolism of the drug which could have Table 4 Twenty-four week change of neuropsychological tests, and GDS by treatment, No paroxetine arms mean (SD) *Sample size (n) for this test: no paroxetine n = 6, paroxetine n = 13, no fluconazole n = 12, and fluconazole n = 7 **Sample size (n) for this test: no paroxetine n = 8, paroxetine n = 11, no fluconazole n = 10, and fluconazole n = 9 ***Sample size (n) for this test: no paroxetine n = 8, paroxetine n = 12, no fluconazole n = 12, and fluconazole n = 8 ****Higher numbers indicate worsening performance only for the GDS contributed to higher cellular stress. However, we did adjust for differences in hepatitis C seropositivity in our model. Combined paroxetine and fluconazole treatment was not associated with a benefit in neurocognitive, laboratory, or functional measures compared to paroxetine alone. Combined paroxetine and fluconazole treatment also was not associated with any additional adverse events. Although, preclinical studies using the SIV-macaque animal model with the combination of paroxetine and fluconazole protected macaques from SIV-induced neurodegeneration as measured by CSF NFL (Meulendyke et al. 2014 ), we did not observe treatment-associated reductions of NFL in this human study.
The potential neuroprotective effects of paroxetine have been previously described (Steiner et al. 2015) . In addition to inhibition of biogenic amine transporters, such as the serotonin transporter, the SSRIs are known to reduce conductance of voltage dependent anion channel (VDAC) in mitochondria, and to inhibit voltage dependent potassium channels (Choi et al. 1999; Yeung et al. 1999; Perchenet et al. 2001; Choi et al. 2003) . Other potential targets of paroxetine, which may account for its neuroprotective properties include depolarization dependent calcium channels, increased proliferation of neuronal progenitor cells, increased production and release of brain derived neurotropic factor from glial cells and neural precursor cells, reduced expression of CCR5 receptors limiting entry of the virus into macrophages, and effects in the cAMP response element-binding protein (CREB) signaling pathway which is integral to long term memory formation (Steiner et al. 2015) .
Although fluconazole showed protective effects in tissue culture models of HAND (8) and in combination with paroxetine in SIV (Meulendyke et al. 2014) , the results from the current human clinical trial suggest that while fluconazole decreased circulating levels of two inflammatory cytokines, it also increased multiple plasma and CSF ceramides suggesting increased cellular stress. The increase in cellular stress markers may account for the negative interaction of this drug with Trail Making Part A, and the Letter Number Sequencing test, and lack of beneficial effect in other cognitive function tests.
Strengths of the study include the 2 × 2 factorial design which allowed us to evaluate both the effects of two drugs independently compared to placebo, and the effect of combination therapy. As expected, paroxetine treatment was not associated with improvement in depression symptomatology as measured by the CES-D score. However, adjusting for depression symptomatology when evaluating changes in neuropsychological tests did not modify the outcomes suggesting that an improvement in depression symptoms was not responsible for cognitive improvement. The inclusion of a pre-entry visit and a screening visit for neuropsychological testing reduced the impact of practice effects on neurocognitive performance prior to baseline. The broad use of neurocognitive, subjectiveand performance-based functional measures, plasma and CSF markers of inflammation, oxidative stress, and neuronal injury allowed examination of multiple outcomes and potential pathogenic mechanisms. Several limitations should be noted which could account for the differences in results between the in vitro experiments and non-human primate models with paroxetine and fluconazole, and the current clinical trial results. The trial was designed as a pilot study to evaluate effects on cognitive performance, and as such it had a small number of subjects in specific treatment groups. In analyses of individual neuropsychological tests, many participants had normal performance at baseline on that specific individual test (with abnormal performance at baseline in other neuropsychological tests) so that improvement with treatment would not be likely if baseline performance was normal. Co-morbid conditions such as remote effects from illicit drug or alcohol use, side effects from medications, or co-morbid conditions such as hepatitis C co-infection could have negatively influenced cognitive function in our patients.
A treatment period of 6 months for this study may have been too short for a time period to see a therapeutic effect. Future phase I/II studies for the treatment of HAND should consider 1 or 2 years duration if feasible.
It is noteworthy that our animal models did not predict the results of this study. Studies in animal models should include animals that are treated with antiretroviral medications commonly used to treat HIV+ individuals if feasible. Cognitive/ motor testing should also be performed in animal models of drug candidates for HAND if feasible. Future studies evaluating the utility of animal models and false-positive and falsenegative rates for these models for the treatment of HAND are warranted.
Over the past 20 years, there have been over ten placebocontrolled trials of adjunctive agents to treat HIV-associated cognitive impairment, (Galgani et al. 1997; Sacktor 1997; Heseltine et al. 1998; Sacktor 1998; Schifitto et al. 1999 Schifitto et al. , 2007a Sacktor et al. 2000; Clifford et al. 2002; Sacktor et al. 2011) , and none of them have shown improvement to enter clinical practice. It is notable that in our study, paroxetine is the first adjunctive agent to demonstrate neurocognitive improvement for a summary measure of neurocognitive performance (the NPZ8 score in ITT analyses) in a double-blind, placebo-controlled study for the treatment of HAND. Also, paroxetine is the first adjunctive therapy to demonstrate cognitive improvement on tests of cognitive performance in HIV+ individuals with well-controlled HIV virological replication on recent combination antiretroviral therapy regimens including integrase inhibitors. However, despite the improvement in several neuropsychological tests, the effect of paroxetine for treating HIV-associated cognitive impairment was modest, as HIV+ individuals receiving paroxetine had worse performance on other neuropsychological tests, and paroxetine treatment was not associated with consistent improvement in markers of cellular stress, inflammation, neuronal injury, or functional measures.
In contrast, fluconazole was not associated with cognitive improvement in any neuropsychological tests and was associated with an increase in inflammatory markers. Thus, our study suggests that fluconazole is unlikely to have a beneficial effect for the treatment of HAND and could be associated with neurotoxic effects.
Larger studies are needed to determine whether paroxetine may be of benefit for treating HAND, and to define whether it has neuroprotective and/or anti-inflammatory properties.
